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THE NEUTRINONUMBEROF THE UNIVERSE*

Edward W. Kolb+
Theoretical Division

LOS Alamos National Laboratory
Los Alamos, New Iexico 87545

Abstract

Th@ influence of grand unified theories on the lepton

number of the universe is reviewed. A scenario is presented

for the generation of a large (>> 1) lepton number and a

small (<< 1) btirynn number.

. . . . .

Within thr ptixt two yr;lrs it has hrcn rcdlizml thdl il currrnt ideas

iihml Grand Unifird Theories (GUTS) are c’orrrct, th~y mtiy i)rovidr the iinnwcr

10 d fundarnlwtal rosmologicd] prohlern: the orlgln 01 tlw i)ilryon tisymnetry.’

tt sr~m~ Ildturai to Si,PCllldlC that Lhr Obst!rvod pr~polldrr;ln~c of bdryon!l

over tintiharyons i~ Lhr rCSUIL of tlw hdryon number (II), (Ql)i)rgt’ (wlljugulion

.

that tllP

Pxl’r!tll Of Flr(”-

“’Talk prencntml tit th~ ]981 lut~rnutionai [lmf’~rcntv! 011 Neutrino Phy~lc~ ilnd
AstrophyRirs.

tWork supportrd in part hv the 1)~’parlstml of lhwr~y.
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where II. is !.h~ present number density of species i. Therefore any large

[> O(1)/ lepton number in the universe mus L he due to an excess of neutrinos

over antineutrinos.

The besl ]imil on Lhv ncuLrino number of the universe comes from the

limit on the LuLiil rncrgy denuily of thr universe. In thr absence of a

large Cosmo]ogica] consLanL, the prf’srnl Lottil energy densily, po, may h

expressed in t~rms of” Lhr Huhhlr constant H , ttw drceleraiion parameter q,,

iind Lhe Pldrlck m;lss m = ,;~ x ,(-N G,I”, ,,s?
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II? univerBc limits the ncutrino number

T4
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In the standard cosmological model (p

trino energy density in,the cold limit

..4 r Im \2

where p. is the presonl

limit of Equ~ltiori (2) Lhrn

p. $ ],q x 10-2(!V,

“0’‘~~+”””l(p’T<<l)neutrino chD

impliex
2

)1!+... (p/T>> 1) . (4)
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The present neutriro nurnbrr clcnsity iti
~/TD) ❑ (Po/To), and the present neu-

is

T 3 T3“()[ -IJD/TD
nv(To) = - ,f~ --~ Li3(-c 1)D LH -1

,.. J(iJo/To>>1),
which has thr cold expans, on
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emical po~cntial.
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Therefore the total en~rgy density of tk

to be given by
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II‘v<8x]04,
F-

Y
(9)

where for ny we have used n = 400 cm3.
Y

Therefore the only reliable limit ~

allows the lcpton number of the universe to be large.

The existence of s large neutrino degeneracy would have several inter-

esting cosmological effects. In particular, it would largely determine the
5 4results of primordial nucleosynthesis. The primordial He abundance is

pa))irll]arly sensitive to the value of the neutrino chemical potential. The

ex,stence of a large neutrino degeneracy may also prevent the high-tempera-

ture restoration of spontaneously

phase transitions.6 This would

expan~ion 7 and dissolve bounds on

produced in phase transitions.8

broken gauge synsnetries and the associated

prevent the possibility of any exponential

Higgs masses found by limiting the entropy

It would also solve the problem of excess

heavy stable monopoles produced in the phase transitions of hot models.g A

large neutrino chemical potential may also make present-day detection of the

background neutrinos po~sible due to the increase in number and energy of

the neutrinos over the case of zero chemical potential.

The current folklore maintains that Grand Unified Theories would take

any large asynnetry and make a lepton number comparable to the baryon num-

ber, hence small.lo However wc shall see below that this need not be the

case, that Grand Unified Theories (GUTS) need not eradicate the memory of

initial conditions. In brdcr to illu~trate the possibility of a large lep-

ton number, we will consider two models; a model based on SU(5), and a model

based on SO(10).

An SU(5) family*l of Eermions consisting of fifteen left-hunded fermion

fields is placed into the reducible representation ?f 0 IOf. Surh a family

has the generic particle content

5f‘: (b:, UL, EL)

(lo)



where U, D, v, and E represent the charge 2/3 quark, the chargt -1/3 quark,

the neutrino, and the charged lepton in the family. The subscript L indi-

cates projection of the left-handed component and the superscript C indi-

cates the charge conjugate state.

The

tion and

vector bosons transform as the adjoint 24-dimensional representa-

have gauge couplings to the fermions

(11)

where g is the gauge coupling constant.

The Higgs bosons with Yukawa couplings are usually taken to be in the

S-dimensional representation with coupling to fermions

~= [loi(hu)iJl~j] ●sH+ [~i(hD)iJloj]‘~Hj (12)

family indices and hU and hD arc the Yukawa coupling

only vector couplings, then it is clear that the cou-

are invariant under two global phase transformations.

where i and j are

matrices.

lf we consider

plings in Eq. (11)

The corresponding conserved quantum numbers are given by X5 ❑ +1(-1) for

each field in the 5f(~f),and Xlo = +](-1) for each field in the 10f(fif).

Scalar interactions violate X5 and Xlo, but from Eq. (11) we see that it is

possible to take a linear combination of X5 and XIO that is still a con-
.

served quantum number, Z = 3(-3) for 5f(5f), Z = +)(-1) for 10f(lOf), and

z = -2(+2) for the S]{($). When SU(3)C 0 SU(2)L Cl U(l)y breaks to SU(3)C e

U(I)EH, Z AS spontaneously broken) but a combination of Z and the hypercharge

remains unbroken. This combination is jutit the baryon number rninu~ the lep-

ton number, B-J,, Although the full SU(5) theory does not separately conserve

X5and Xlot ●nalytic and numerical results indicate that to a good approxi-

mation if the ncalar mass is sufficiently lar8e, scalar interaction ❑ay be

ne81ected, 134’12 In this approximation X5 and XIO are separately coneerved.
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The vector interactions, however, ‘.re faster than the Higgs inter-
4

actions and may even be infinite. The effect of the vector interactions

will be to distribute any asymmetry in fermion fields equally among all

members of the irreducible representation containing the fermion (assuming

that the charges associated with all gauged quantum numbers are zero).

Therefore, as initial conditions we need only consider “Gauge Invariant

Initial. Conditions” in which all members of a given irreducible representa-

tion. have equal asymmetries. Therefore any initial asymmetry in fermion

fields may be represented by two numbers , X5 and Xlo.
From Eq. (10) it is obvious that with gauge invariant initial condi-

tions the baryon and lcpton numbers are given by

- n-‘b b
Bz— = f15 + 010

‘Y

- n-‘1 1
L=— = 3r$ + 2f110 ,

‘Y
(13)

where qi is the asymmetry in the fermion fields of the ith representation.

Since X5 and XIO are conserved by vector interactions, and the Higgs inter-

actions may be ignored (at least until after the baryon synthesis era) the

fact that B and L are linenrly independent means that it is possible to have

a large L and a small Il. The conditions for this arc that ~5 + ~10 = U, but

05 and rho must both be large, A cancellation of two large numbers seems

unnatural within the context of SU(5), but it has tinatural explanation if

SU(5) is embedded in an SO(10) gauge theory,

In grand unified theories based on t-he gauge group SO(lO),ll all the

fermions in a single family arc assigned to the complex spinor representa-

tion, 16f:

(14)
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Since there .re only 15 known fermion fields per family (assuming the exist-

ence of the top quark) it is necessary so postulate the existence of a par-

ticle, the N‘~, that is a singlet under SC(3)C @ SU(2)L 8 U(l). The exist-

ence Gf this particle has interesting consequences for Lhe lepton number of

the universe as well as for low energy neutrino phenomenology.

The gauge vector bosons in S0(10) transform GS the 45-dimensional ad-

joint representation. The gauge coupling tG fermiors has the fcirm

[15)

The vectur interactions in SD(1OI conserve a quantum number X:6 = +1(-1)

for each field in the 16f(fifj, analugous to Lhe X5 and XIO coi,servationin

Su(s).

The Higgs f~elds which can c~uplc to fermlons appear in the decomposi-

tion of 16 8 16:

16 8 16 = [10 + 126!s + [120]A . (16)

If t+e N; ac-quiresa very large Majorana mass MIJpresumably through a non-

zero v~cuum exp~ct.l~lon value for Lhe 126 or throu~h radiaLlve corrections,
H

then the Iieutrailepton mass ,.atrixin the V, N basis tiillhave the form14

where m 1s tne mass of the charge 2/3 quark in the family. The approximate
~

eigenvalues of this matrix are m2/M and flN. The observed low-energy ncu-
q2N

tr]nos w1ll thus h.lvemasses O(mU/MNj which can be made compatible with

present observations If MN is sufficiently large.

1



We now consider the dampirigof asymmetries in SO(10) models with an

initial asymmetry ~~6 in each member of the 16f:

It is obvious that in the limit af exact SO(10) invariance the presence of

an unbroken charge conjugation operator requires all asymmetries in quantum

numbers that are odd under C (e.g., B, L, Q, ...) to vanish. Consider a

universe with a large initi.aifermion asymmetry. The Higgs interactions

will slowly bleed the initial asymmetries. In the limit of exact SO(10)

invariance the C symmetry will bleed all the fermion fields at an equal rate

keeping B and L zero. However, once SO(10) breaks due to a large Majorana

mass for the N there will be a large disparity in the rate that the asymme-
:

try in the NI is driven to zero and the rate that the asymmetries in the
4

rest of the fermion firids are driven LO zero. As the asymmetry in N; is

driven to zero, the vector in~eractions will redistribute the asymmetry in

the other fields. Sillcrthere are ve?tor bosons that connect the Nc with

the quarks, such a
1+

re(listrihutionmay generate a baryon number. The

magnitude of B depends on the amount of enhanced N: depletion relative to

the depletion in the light fermion fields when the lightest vectsr boson

connecting the N: to light fermions decouples at temperatures less than the

vector mass m B can be large or small depending on the mass of the N:.VI” c
A large N: mass results in large relative N~ depletion at T = mvl and severe

rearrangement of the initially C-invariant asymmetries, hence a potentially

large 13. A small N; mass results in a small N[ relative depletion at tllvl

which results in a small 1! since the original C-symmetry remains largely

intact,

So far a lepton number is generated with L = B. However, once T < mvl

the baryon number will be frozen in while the lepton number will continue to

grow. In k-rticular as the asymmetry in N: continues to be driven to zero,

the C symmetry is badly b~oken because the large asymmetry in the VL is now

uncanceled sinre there is no asymmetry in the N;. (In fact for T ~ MN,



the assignment of a lepton number to N: becomes meaningless. ) Therefore a

large Iepton number is likely to result.

In the scenario outlined here, a universe with a large gauge invariant

initial asymmetry, but zero baryon and lepton numbers may evolve into a

universe with L >> B.

In conclusion, it was demonstrated that the interactions present in

Grand Unified Theories combined with CP non-invariant initial fermion asym-

metries can naturally lead to the present lepton number of the universe

being much larger than the baryon number. This is in disagreement with

others who have claimed that L - B as a consequence of grand unification.

In SU(5) models the requirement that L >> B requires a cancellation between

different contributions to the initial baryon number. This cancellation has

a natural explanation in SO(10) models where all fermions in a family are

placed in a single irreducible ~cp~eser,tation. While we have considered

explicitly only SU(5) and SO(10) unified models, the results can be easily

generalized to other theories, The reason that SU(5) and SO(10) theories

allow L >> B can be related to the fact that they also predict a discrepancy

between quark and neutrino masses. In SU(5), mv = O as a result of the

global B-L symmetry which in turn is related to the reducibility of the

fermion representation. It is this reducibility that allows B and L to be

independent. In SO(10), mu << m
q

is a result of a large SU(3)C x SU(2)L X

U(1) invariant Majorana mass term for the right-handed component of the

neutrino, This mass term rapidly destroys any net lepton number residing in

the right-handed neutrino field thus leaving an initial asymmetry in the

left-handed neutrino unbalanced, We expect.that any theory that predicts

<< mq in a natural way will ZISO allow L ‘~ B.
‘v

A more thorough discussion of the lepton number in GUTS may be found in

Ref. 15.

I would like to thank Jeff Harvey, whoze collaborative efforts led to

the work reported here, and Stephen Wolfram, with whom some of the seminal

work was done,
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